With this study, we investigate the mineralogical variations associated with the low-temperature (<100°C) alteration of normal tholeiitic pillow basalts varying in age from 0.8 to 3.5 Ma. Their alteration intensity varies systematically and is related to several factors, including (1) the aging of the igneous crust, (2) the increase of temperatures from the younger to the older sites, measured at the sediment/basement interface, (3) the local and regional variations in lithology and primary porosity, and (4) the degree of pillow fracturing. Fractures represent the most important pathways that allow significant penetration of fluids into the rock and are virtually the only factor controlling the alteration of the glassy rim and the early stages of pillow alteration. Three different alteration stages have been recognized: alteration of glassy margin, oxidizing alteration through fluid circulation in fracture systems, and reducing alteration through diffusion.
INTRODUCTION
Pillow basalts, varying in age from around 0.8 to 3.5 Ma, were recovered during Leg 168 from nine sites (Sites 1023-1029 and 1031-1032), drilled across the eastern flank of the Juan de Fuca Ridge (Jd-FR). These sites are located from about 20 km to roughly 100 km east of the ridge axis and were subdivided into three main transects named the Hydrothermal Transition (HT, Sites 1023-1025), Buried Basement (BB, Sites 1028-1031), and Rough Basement (RB, Sites 1026 and 1027) transects, as described in the Leg 168 Initial Reports (Davis, Fisher, Firth, et al., 1997; Fig. 1) .
As a consequence of the flat-lying sedimentary cover that onlaps the eastern flank of the JdFR, the present-day basement temperatures at the top of the volcanic sequence systematically increase from west to east along the transects, from 15°-38°C (HT), to 40°-59°C (BB), to 61°-64°C (RB).
The pillow basalts recovered from the three transects represent an ideal opportunity to study the effects of the low-temperature interaction between basalts and fluids ("normal" and "evolved" seawater) in contact with, or circulating within, the upper section of oceanic igneous crust.
With this study we document the petrography, mineralogy, and mineral paragenesis associated with the low-temperature alteration processes (<100°C) occurring in <3.5-Ma pillow basalts; the recovered massive units (Sites 1025, 1027, and 1032) and massive diabase (Site 1027) are not discussed in this manuscript. We give particular emphasis to the characterization of the transition from the oxidizing alteration style, which is related to open seawater circulation, to the reducing alteration style, which occurred under more restricted circulation (i.e., at lower water/rock ratios) and lower (oxygen fugacity).
METHODS
Over 60 samples of pillow basalts representative of all nine sites were prepared and analyzed for the mineralogic and petrographic studies by optical microscopy, electron microprobe, X-ray diffraction (XRD), X-ray fluorescence (XRF), loss on ignition (LOI), and quantitative ferrous iron analyses.
Identification of mineral species was achieved by means of optical examinations under microscope (transmitted and reflected light) and XRD analyses on concentrated powder, using a Philips PW3710 diffractometer at the University of Genova, Italy. Samples were run between 2.5° and 70°2θ, with a generator potential of 30 kV, a generator current of 22 mA (using a CuK α radiation), a Ni filter, and a scan speed of 1°/min. For XRD of the clay-sized fraction, the material was scraped from surface coating, open fractures, veins, vesicles, and cavities using dental tools and, when necessary, concentrated by settling in a water column. In addition, the clay-sized samples were saturated with ethylene glycol for 12 hr and reanalyzed to help identify expandable clay minerals. The software used for XRD data reduction was Philips PC-APD Diffraction Software and MacDiff 3.0.6c. Some nonclay minerals were determined by single crystal or separated aggregates analyses using a DIFFLEX II diffractometer equipped with a Gandolfi Camera (CuK α , Ni filter, 35kV/25mA, scan time = 6 hr).
Routine electron microprobe analyses were carried out with a Philips SEM 515 equipped with an energy-dispersive spectrometer (EDAX PV9100) at the University of Genova, Italy, and an ARL-SEMQ (WDS) microprobe at the University of Modena, Italy. Characteristic X-rays were detected using wavelength-dispersive spectrometers. Microprobe operating conditions were 15-kV accelerating voltage, 2-to 15-nA beam current, and 1-to 10-µm beam diameter (up to 25 µm for the glass and the clay minerals). Counting times of 120 s were reduced up to 60 s for clay minerals to prevent damage.
Calibration was accomplished with a range of synthetic and natural standards.
The modal abundance of secondary phases was calculated by point counting (based on 500 cts per section) on about 100 thin sections used for shorebased and shipboard analyses. The results were further checked against comparison charts for visual percentage estimation.
Representative samples of the various lithologies were selected and prepared as fused beads for major oxide analysis by XRF on a Philips PW1400 with a Rh anode X-ray tube. The gabbro MRG-1 and the basalt AII-92-29-1 international reference standards were used to calibrate the XRF spectrometer before running any unknown samples.
On 30 samples representative of all nine sites, quantitative ferrous iron analyses were performed at the Udine University, Italy, by KMnO 4 titration on bulk rock powders after a HF + H 2 SO 4 acid attack. The values represent the average of five separate analytical steps; the precision and the accuracy of this technique were checked periodically against the gabbro MRG-1 and the basalt AII-92-29-1 international reference standards, and analytical errors were always around ±0.1 wt%.
Shipboard analyses done aboard the JOIDES Resolution included standard petrographic study with quantitative point counting, mineral analyses by XRD, whole-rock analyses by XRF, and LOI (Davis, Fisher, Firth, et al., 1997) . These have been used to complete and compare the shorebased data set.
PRIMARY PETROGRAPHIC AND MINERALOGIC FEATURES OF PILLOW BASALTS
In this section we describe and summarize the primary mineralogic and petrographic features of the Leg 168 pillow basalts. For a more detailed description see the Leg 168 Initial Reports (Davis, Fisher, Firth, et al., 1997) .
Pillow basalts were recovered at the basement-sediment interface at nearly all sites (Sites 1023-1029 and 1031-1032; Table 1 ). Shorebased whole-rock major element analyses, together with shipboard analyses aboard the JOIDES Resolution (Davis, Fisher, Firth, et al., 1997) and shorebased analyses of other components of the Leg 168 Scientific Party (M. Constantin, pers. comm., 1998) , indicate that most of the igneous rocks are low-K tholeiites. Four distinct geochemical groups have been distinguished on the basis of Mg#:
1. primitive pillow basalts from Site 1023 and from the lower subunits at Sites 1027 and 1032 (Mg# = 66-63); 2. slightly more fractionated pillow basalts from the upper subunits of the pillow lava sequence at Sites 1027 and 1032 and the pillow basalts from Sites 1024, 1026, 1028, and 1031 (Mg# = 63-56); 3. fractionated ferrobasalts from Site 1029 (Mg# = 53-40); and 4. highly fractionated ferrobasalts from the upper pillow unit overlying the massive lava sequence at Site 1025 (Mg# = 50-45).
The pillow basalts consist of aphyric (<1% phenocrysts) to moderately phyric (2%-10% phenocrysts) plagioclase ± olivine ± pyroxene or olivine ± plagioclase basalts and show a low degree of vesicularity (<2%), with vesicles having diameters generally <1 mm.
Pillows commonly exhibit a distinct concentric structure as a consequence of the fast cooling conditions, which progressively decreases toward the pillow interior. From margin to core, five main zones ( Fig. 2 ) have been distinguished, in good agreement with the previous observations of other authors (e.g., Baragar et al., 1977; Scott and Hajash, 1976; Juteau et al., 1980; Natland, 1980 , Davis, Mottl, Fisher, et al., 1992 : (1) glassy zone, (2) variolitic zone, (3) subvariolitic zone, (4) spherulitic zone, and (5) holocrystalline pillow core. Very small concentric cracks commonly mark the transitions from Zones 1 to 4, whereas the transition from Zone 4 to 5 is always graded without any sharp boundary. Davis, Fisher, Firth, et al., 1997) . HT = Hydrothermal Transition; BB = Buried Basement; RB = Rough Basement. Davis, Fisher, Firth, et al. (1997) . microlaths, and rare olivine ± plagioclase phenocrysts (0.1-0.4 mm). The observed thickness in the recovered samples varies from <1 to 4 mm, but most of the glassy zones could have been broken up during the drilling operation. Nevertheless, only one section from Hole 1026B (Section 168-1026B-3R-1) consists of a strongly altered basalt-hyaloclastite breccia, containing angular clasts of aphyric basalt (with a variolitic to subvariolitic texture) and glassy shards, set within a consolidated clays ± zeolites ± carbonates matrix. The texture throughout the breccia varies from matrix supported to clast supported, and the dimension of the clasts generally is ≤6 mm. 2. The variolitic zone, 1-3 mm thick, consists of scattered ovoid brown varioles (0.03-0.08 mm in the longest dimension) isolated in the fresh isotropic glass. Varioles consist of a thin rim of fibrous anisotropic minerals (SEM analyses indicate that they probably correspond to intimate intergrowths of plagioclase and pyroxene fibers) centered on a plagioclase microlites. 3. The subvariolitic zone, 1-2 mm thick, is characterized by the progressive increase in the variole number and size from the outer margin towards the pillow interior. As the variole number increases, they progressively coalesce and the glass remains only in interstitial scattered areas. 4. The spherulitic zone, 3-8 mm, is marked by the complete coalescence of the varioles that commonly form a dense polygonal net (honeycomb textures). The transition to the holocrystalline pillow interior (Zone 5) is marked by the progressive disappearance of varioles and by the development of different and various types of quench textures, such as plumose, branching, or sheaf spherulitic, indicating different nucleation and growth mechanisms mainly as a consequence of progressively slower cooling rates (McKenzie et al., 1982) . 5. In the pillow interior, the groundmass textures change from glomeroporphyritic, to intersertal, and finally to intergranular as the distance from the spherulitic zone increases. Simultaneously, the abundance of undifferentiated mesostasis areas decreases, and, when present, they occur in scattered, variably shaped, and irregularly distributed areas.
Euhedral plagioclase crystals (up to 1.5-1.7 mm in size) are the most abundant phenocryst species, often forming glomeroporphyritic aggregates; conversely, submillimetric euhedral to subhedral clinopyroxene and olivine phenocrysts (the latter completely replaced by secondary phases in almost all sites) commonly occur as isolated crystals or in bimineralic clots associated with plagioclase.
The groundmass mainly consists of plagioclase laths and clinopyroxene micrograins with minor olivine, variable amounts of opaque oxides, and rare primary sulfides (pyrite, pyrrhotite, and chalcopyrite). Apatite whiskers commonly occur within or around plagioclase phenocrysts and laths.
ALTERATION INTENSITY
Secondary alteration with variable intensity affects pillow basalts from all nine sites. Although local heterogeneities are common in every site, even at the scale of the individual sample, the alteration intensity systematically increases from the younger HT sites to the older RB sites. This general trend is clearly evidenced by alteration indexes such as the LOI value, the FeO/FeO t ratio, and the modal abundance of secondary minerals (Fig. 3) .
The LOI (Fig. 3A) increases progressively from about 0.5 to 2 wt% with distance from the ridge axis, although local negative anomalies are evident in pillow basalts from Sites 1025 and subordinately 1029. Nevertheless, these anomalies are related to bulk rock composition, because the pillows from these sites are highly fractionated ferrobasalts and, consequently, the LOI value is strongly influenced by the oxidation of ferrous iron.
The FeO/FeO t value decreases progressively from 0.78 at Site 1023 to 0.61 at Site 1027 (Fig. 3B ), mirroring the LOI pattern (Fig.  3A, B) . In this context Site 1028 basalts show a very low FeO/FeO t value and a weak positive anomaly of LOI (Fig. 3A, B) , suggesting a higher degree of alteration in comparison to the basalts of the other BB sites.
The total amount of alteration, determined by point counting the secondary minerals in thin section, varies from 0% at Site 1023 to 27% at Site 1027, with average values respectively varying from 0.2% to 12.73% (Fig. 3C ). This distribution confirms the general increase of alteration with the distance from the ridge axis and the anomalous degree of alteration of pillow basalts from Site 1028.
Other alteration indicators such as the degree of vesicle fillings and the degree of olivine and glass alteration agree well with the indexes discussed above.
SECONDARY MINERALS
The complete set of the recognized secondary phases together with their distribution and relative abundance in the pillow basalts from the different sites is reported in Figure 4 . Secondary products are found mainly in four distinct modes of occurrence: (1) vesicle or cavity linings or fillings; (2) coatings, fracture fillings, and veins; (3) pseudomorphic replacement of mafic phenocrysts and microphenocrysts (mainly olivine and subordinately clinopyroxene); and (4) patches within mesostasis.
Clay Minerals
Clay minerals are ubiquitous and are the most abundant secondary products, present in all four modes discussed above. Clay minerals were determined optically, following the criteria of Honnorez et al. (1983) and Laverne et al. (1996) , by XRD data, including those of air-dried and glycolated powder mounts, and by microprobe quantitative and semiquantitative analyses.
XRD data of clay minerals indicate that trioctahedral smectite is the predominant phyllosilicate (d 001 = 13-15 Å expanding after glycolation to d 001 = 17.1-17.8 Å and d 060 = 1.53 Å; Fig. 5 ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; ;;   @@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@  @@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@  @@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@  @@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@  @@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@ @@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@  @@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@  @@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@  @@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@  @@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@  @@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@ @@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@  @@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@ @@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@   @@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@  @@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@ @@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@  @@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@  @@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@ @@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@   @@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@ ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; ; Figure 2 . Location of structural zones and cracks in a pillow basalt. The thickness of the peripheral zones (up to 2 cm) are exaggerated for clarity; redrawn from Scott and Hajash (1976) .
Only one sample (Sample 168-1029A-25X-3, 77-82 cm) gave an X-ray spectrum unequivocally referable to a dioctahedral mica (celadonite type, Fig. 6 ), although there is evidence that trioctahedral smectite and possible smectite-celadonite mixed-layer minerals are present (as evidenced by the d 060 = 1.532 Å reflection of smectite together with the d 060 = 1.509 Å reflection of celadonite; Fig. 6 ).
On the basis of mineral chemistry and optical features we have distinguished five main different types of clay minerals or clay mixtures (as schematized in Table 2 ; Types 1-5), which can be classified into two main groups: saponite group and celadonite or celadonite mixtures group.
Saponite Group
Saponite is the most common clay, and it has been identified at all sites. On the basis of more than 140 microprobe analyses, two subgroups may be divided (Types 1 and 2; Table 2): (1) Fe-rich saponites (MgO = 13-19 wt%; FeO t = 13-21 wt%); and (2) Mg-rich saponites (MgO = 18-23 wt%; FeO t = 8-12 wt%). Whereas Mg-rich saponite occurs often associated with celadonite and subordinately to Fe-oxyhydroxides in fractures or adjoining oxidation halos, Fe-rich saponite is restricted to the reducing assemblages together with carbonates and sulfides. Both saponite types are present as vesicle fillings, patches within mesostasis, fracture coatings and vein fillings, and pseudomorphic replacement of mafic minerals (mainly olivine).
Analyses were calculated on the basis of 20 oxygens and four hydroxyls (Table 3) . Structural formulas were calculated considering that (Si + Al) IV = 8 atoms per formula unit (a.p.f.u.); the excess Al was assigned to octahedral sites together with Fe t and Mg. When present, the slight excess of Mg in octahedral sites was placed in interlayer positions as an exchange cation. The compositional variations of the two saponite types (Table 3) agree well with the chemical constraints suggested by Andrews (1980) and reveal a considerable range of FeMg substitution in octahedral coordination (Fig. 7) , with the higher Fe contents occurring in samples from Site 1025 (i.e., in the fractionated ferrobasalt). Interlayer sites are mainly occupied by Ca and subordinately by K and Mg, whereas Na is generally below the detection limits.
Celadonite or Celadonite-Bearing Mixtures Group
Material identified as celadonite during Leg 168 shipboard analyses (Davis, Fisher, Firth, et al., 1997) appears in hand specimen as green to very dark green with resinous luster and waxy consistency, and in thin section as bright green to yellow-green cryptocrystalline or fibrous aggregates (Types 3-5; Table 2 ). Nevertheless (as discussed above), only one sample from Site 1029 shows an XRD pattern corresponding to a dioctahedral mica of the celadonite type. Celadonite or celadonite-bearing mixtures mainly occur within fractures and veins or in adjacent greenish and subordinately reddish brown halos (as vesicle fillings, irregular patches or pseudomorphic replacements).
Microprobe analyses were calculated on the basis of 20 oxygens and four hydroxyls per unit cell (Table 4) . Aluminum was distributed between tetrahedral and octahedral coordination so that the tetrahedral occupancy (Si + Al) always sums to 8 a.p.f.u. No normalizations were performed for the octahedral sites to verify the possible excess of occupancy. Following these assumptions, all celadonite analyses invariably exhibit a large excess of cations in octahedral coordination (from 4.70 to 5.43 a.p.f.u.) compared to a value of 4.00 a.p.f.u. required by the dioctahedral structure. As evidenced in Figure 8 , the octahedral occupancy excess shows a significant positive correlation with the total Fe content (a.p.f.u.). This evidence suggests that the high octahedral total is mainly related to the presence of a finely intermixed Fe-oxide contaminant extraneous to the celadonite structure and/or to the presence of interlayered Fe-rich smectite (as discussed by Andrews [1980] and Li et al. [1997] ). TEM observations, performed on celadonites by Peacor (1992) and Li et al., (1997) demonstrate that submicrometer mixed layering is a common feature in celadonites formed at low temperatures.
Fe-oxyhydroxides and Mixtures of Fe-oxyhydroxides and Clay Minerals
Fe-oxyhydroxides and mixtures of Fe-oxyhydroxides and clay minerals strictly occur within fractures and veins or in reddish brown halos immediately around them (as vesicle filling, irregular patches within mesostasis, or pseudomorphic replacements). They commonly occur alone or associated with celadonite or celadonitic mixtures. Most of the Fe-rich compounds actually correspond to mixtures of Fe-oxyhydroxides and clay minerals (iddingsite), although optical examinations under microscope (reflected light) and microprobe analyses suggest the presence of pure and finely disseminated goethite and/or hematite lamellae in some microveins from Sites 1026 to 1027 and 1032. Mixtures have been divided into four main types (Types 6-9; Table 2) on the basis both of the optical features (mainly the color in plane-polarized light) and chemical composition. Types 6 and 7 mixtures appear in thin section as massive aggregates of cryptocrystalline material varying in color respectively from bright orange yellow to orange red. As evidenced in SEM microphotographs, they clearly represent heterogeneous mixtures of Fe-oxyhydroxides or iddingsitic material and celadonite with the celadonite content progressively decreasing from Type 6 to 7 (Pl. 1; Figs. 1, 2) .
Types 8 and 9 correspond to iddingsitic mixtures that appear, both in hand specimen and thin section, as dense compounds varying in color respectively from dark brownish red to dark bright red. The mixture between Fe-oxyhydroxides and undifferentiated clay minerals is never discernible even at the resolution limits of the SEM, and consequently the actual end member cannot be recognized. The chemical composition of the two types is comparable (FeO t = 65-70 wt%; SiO 2 = 9-12 wt%; and minor amounts [always <1 wt%] of CaO, K 2 O, and MgO), and no major variations correspond to the observed change in color.
Carbonates
Calcite and aragonite are widely distributed in pillow basalts, massive basalts, and diabase, although these minerals are not ubiquitous. Calcium carbonate occurs alone or associated with saponite in (Table 5 ; Yatabe et al., Chap. 11, this volume). Calcites contain appreciable MgCO 3 , MnCO 3 , and FeCO 3 , as well as Ni, Cu, Zn, La, Ce, and Pb, whereas aragonites are relatively poor in these constituents. Relative to calcites, however, aragonites are enriched in Sr and Rb. These element distributions partly reflect crystal structural effects (Yatabe et al., Chap. 11, this volume) .
Sulfides
Secondary sulfides occur as minor or trace constituents at all sites. They are present as fine-grained euhedral to subhedral crystals disseminated in open fracture surfaces, fine grains within altered mesostasis, and as veinlets and vesicle linings. Sulfides are commonly associated with Fe-rich saponite and, when present, with carbonates. Most of the sulfide occurrences correspond to pyrite and subordinately to pyrrhotite; to date, the very subordinate occurrences of chalcopyrite and millerite are of unknown origin (e.g., secondary alteration, igneous, deuteric?).
Talc, Quartz, and Zeolites
The presence of talc has been revealed by XRD analyses in samples from Sites 1026-1028 and 1032. It occurs almost exclusively as colorless to pale tan fibrous aggregates within pseudomorphic replacement of olivine together with Fe-rich saponites, or as the last product in the sequential fillings of fractures.
Quartz has been revealed by XRD analyses of two clay-bearing veins from Sites 1027 and 1032, but its presence was not confirmed by optical examinations under microscope.
Trace amounts of undifferentiated zeolites and phillipsite occur as colorless fibrous radiating aggregates in veinlets, mainly crosscutting the glassy rims of pillows, from Sites 1025 to 1032. Their presence has been confirmed by single crystal or separated aggregates X-ray analyses (with a Gandolfi Camera). Undifferentiated zeolites are present in significant amounts only in the hyaloclastite breccia from Hole 1026B (Section 168-1026B-3R-1) in the saponite-carbonatesbearing matrix.
ALTERATION STYLE
In both younger and older pillow units, the alteration processes are mainly controlled by primary textural and structural features (i.e., the presence of impermeable glassy rims, the primary concentric structural zonation, and the vesicularity) and by the presence of radial, or irregularly distributed, fractures that crosscut the pillows from the outer glassy zone to the holocrystalline interior. Three main alteration environments with different degrees of alteration and secondary products have been distinguished: (1) alteration of glassy rims, (2) massive alteration along and around fractures (oxidation halos), and (3) pervasive alteration through diffusion.
Alteration of Glassy Rims
The degree and the style of the glass alteration are strictly related to the presence of concentric and radial veins, which often form a complex network. The large set of veins crosscutting the glassy zone can be grouped in two main types on the basis of structural evidence: simple veins (Fig. 9A ) and composite veins (Fig. 9B) .
Simple Veins
The simple veins (<0.1-0.5 mm) characterize the glassy rims of pillow basalts from all nine sites. They show a distinct symmetric layering, parallel to the original crack (Pl. 1; Fig. 3 ), characterized by sharp compositional and mineralogical variations (Fig. 9A) . Where a complete layering is developed, three distinct layers are present, and they are characterized (respectively from the outer to the inner part) by brown undifferentiated palagonite, a dark brown intimate mixture of K-bearing clays and Fe-oxyhydroxides, and greenish brownish fibrous to granular cryptocrystalline Mg-rich smectites. In the adjoining selvages the alteration of the glass usually proceeds from (1) fibrous form, around cracks and veins, (2) to a mottled texture within the glass, and (3) to extensive areas of yellow-brown palagonite between the varioles in the variolitic zone.
Composite Veins
The composite veins (2-5 mm) characterize samples from Sites 1206 and 1027 and developed as a consequence of repeated opening and crack filling along the median line of the primitive simple veins. The infilling secondary minerals are commonly symmetrically arranged, from the walls to the core of the vein, in the following sequence ( Fig. 9B): (1) fibrous Mg-rich smectites, (2) fibrous radiating zeolites (mainly phillipsite), and (3) fibrous to blocky anhedral carbonates (calcite and aragonite).
Hyaloclastite Breccia
The hyaloclastite breccias of Hole 1026B represent an exaggerated example of glass alteration; the glass shards smaller than 1 mm are generally completely altered to undifferentiated palagonite, whereas the largest clasts (1-6 mm) show a concentric zonation, and the extent of alteration decreases from rim toward the center (where sometimes unaltered isotropic glass is preserved; Fig. 9C ). Clasts are cemented by a polymineralic matrix mainly consisting of the same mineral assemblages observed in the composite veins.
Chemical Variation in Altered Glass
To define the major chemical variations during the alteration processes of glass crosscut by simple and composite veins, chemical analyses were performed by SEM-EDS. Chemical profiles indicate large variations between the four recognized zones (Fig. 10 ) in good agreement with textural and mineralogical observations (Fig. 9) . The outer brown zone (Zone 4; Fig. 10) , which represents the less evolved glass alteration, shows significant gains in K 2 O, SiO 2 , and Al 2 O 3 . In contrast Fe 2 O 3t , MgO, CaO, and Na 2 O are strongly depleted (the last two elements remaining unchanged toward the central part of the vein). In the intermediate layer (Zone 3; Fig. 10 ), the strong enrichment of Fe 2 O 3t and K 2 O is related to the formation of authigenic phases such as alkali-bearing clays (celadonite) and Fe-oxyhydroxides. The chemistry of the central part (Zones 2 and 1; Fig.10 ) agrees well with the composition of the observed smectites, and no major variations between fibrous and cryptocrystalline granular part are evident. The chemical profiles across the altered glass around the composite veins and across the hyaloclastic fragments are generally comparable.
The composition of altered glass relative to the three main zones (from both vein types) normalized vs. the composition of the adjoining unaltered glass allows the evaluation of a general chemical balance for the fluid-glass interaction during the veining processes (Fig.  11) . The major variations involve the increase of H 2 O and K 2 O, the strong loss of Na 2 O and a minor but significant depletion of CaO and MnO t . Total Fe 2 O 3 , MgO, NiO, and Cr 2 O 3 show minor and comparable degrees of depletion, whereas SiO 2 and Al 2 O 3 remain almost unchanged.
Massive Alteration Along and Around Fractures in Hypocrystalline and Holocrystalline Pillows Interiors
The fracture systems that characterized almost all the analyzed pillow basalts represent the most important channel ways for the fluid circulation within the pillow units and consequently the preferential sites where fluid-rock interaction starts and develops into the adjoining rock. Fluid-rock interaction generates monomineralic or polymineralic coatings or fillings within fractures and variably sized oxidation halos in the adjoining selvages.
Veins
Several vein types and generations have been recognized throughout all Leg 168 pillow basalts (individual occurrences are recorded in the VEINLOG; see Appendix D of the Leg 168 Initial Reports; Davis, Fisher, Firth, et al., 1997) . 100.000 100.000 100.000 100.000 100.000 100.000 100.000 100.000 100.000 100.000 100.000 100.000 100.000 100.000 We distinguish three main vein types on the basis of their geometric relationships: concentric veins, radial veins, and irregular veins. Most of the concentric and radial veins presumably represent filled shrinkage cracks that increase in frequency toward quenched surfaces. Irregular veins can be alternatively explained as filled shrinkage cracks variably distributed and oriented as a consequence of mechanical and lithological heterogeneities, or as secondary fractures developed in the "cold" rock during later spreading-related tectonism.
The concentric veins (<0.1-0.5 mm thick) are mainly concentrated in the glassy zone and subordinately in the outer hypocrystalline pillow zones, whereas radial and most of the irregular veins (<0.1-5 mm thick) crosscut the pillows from the outer glassy rims to the holocrystalline interior.
The mineralogical composition of the veins is extremely variable from site to site and in many cases strong variations occur even at the scale of the single sample. Nevertheless, two main vein types can be distinguished on the basis of the mineralogic assemblages of the filling products: veins characterized by oxidizing filling assemblages (V1) and veins characterized by reducing filling assemblages (V2).
V1 are common in pillow basalts from every site and are characterized by the following mineral assemblages, characteristic of the oxidizing style of alteration (as defined by Andrews, 1980) : hematite, goethite, iddingsitic mixtures (Types 6-9; Table 2), celadonitic minerals (Types 3-5; Table 2 ), and Mg-rich saponites (Type 2; Table 2 ). These minerals are commonly arranged in submillimetric to millimetric symmetric layers, parallel to the original crack. In many cases, the transition between the different layers is graded and each layer progressively fades out toward the adjacent, suggesting dynamic growth with a progressive variation of the chemical conditions (Eh and pH) of the microenvironment. Although some exceptions have been recognized, the temporal depositional sequence can be summarized as follows: (1) Fe-oxides and Fe-oxyhydroxides and/or iddingsitic mixtures, (2) celadonitic minerals, and (3) Mg-rich saponites. The commonest variation from this general trend is the inversion between 1 and 2.
V2 have been recognized only in pillow basalts from Sites 1027, 1028, and 1032, and are characterized by "nonoxidative" mineral assemblages (Andrews, 1980) mainly represented by carbonates after Fe-rich saponite (Type 1; Table 2 ). Sulfides (mainly pyrite) are irregularly distributed within this assemblage but mainly occur in the outer rims of the veins associated with saponite. In some cases, especially in veins from Sites 1027 and 1032, up to three generations of carbonates occur varying in texture and composition, from the rims to the median line of the vein. Columnar crystals, often deformed, commonly characterize the outer rims, after fibrous radiating sheaf, whereas the central part commonly displays a blocky arrangement of undeformed anhedral to subhedral crystals. Together with this textural variation, carbonates vary from almost pure aragonite (commonly intimately intergrown with saponite) to Mn-, Mg-, and Fe-bearing calcite (respectively, MnCO 3 ≤15 mol%, MgCO 3 ≤9 mol%, and FeCO 3 ≤3 mol%) in the fibrous and columnar part of the vein. The blocky central part is often affected by recrystallization processes and is commonly characterized by almost pure calcium carbonates (mainly calcite). A significant example of the chemical variations in carbonates of the three generations is reported in Figure 12 relative to Sample 168-1032A-12R-1, 9-16 cm (Piece 1).
In several cases from Sites 1027 and 1032 there is evidence that V2 mostly developed as a consequence of repeated opening and crack filling along the median line of the early celadonite + iddingsite ± Mg-rich saponite veins (V1). This is clearly shown by the presence of V1 millimetric fragments (mainly iddingsite and celadonite) arranged in regular trails running parallel to the vein walls along the central part of the V2 (i.e., within the blocky calcite).
Oxidation Halos
Oxidation halos are present around V1 fractures and veins in pillow basalts from every site (with maximum abundance in samples from Sites 1026 Sites , 1027 Sites , 1029 Sites , and 1032 and are typically absent around V2 veins. These halos are a few millimeters to several centi- meters thick and appear in hand specimens as dark borders on rock pieces that may be stained with orange or yellow. The percentage of the observed halos always decreases progressively from the outer quenched margin to the holocrystalline pillows interior. In every studied sample, oxidation halos always represent the zone of most intense alteration with respect to the nonhalo portions of the rock. Microscopic observations allow the recognition of three main types of alteration zones that, when present together, show the following spatial and temporal relationships ( Fig. 13 ): reddish brown zone (RZ), greenish red to green zone (GZ), and greenish to light gray zone (TZ). The black halos found by other authors in pillow basalts from various oceanic settings (Böhlke et al., 1980 (Böhlke et al., , 1981 (Böhlke et al., , 1984 Alt and Honnorez, 1984; Alt et al., 1996; Buatier et al., 1989; Laverne et al., 1996) were not recognized in the studied samples.
RZ
The reddish brown zone (1-5 mm thick) always occurs immediately around fractures or veins of Type 1 (V1) and is characterized by a massive precipitation of secondary minerals, mainly represented by goethite, hematite, undifferentiated Fe-oxyhydroxides, iddingsitic mixtures, and subordinately by celadonite and celadonite-bearing mixtures. Partial or complete oxidation of titanomagnetite to titanomaghemite is also common, especially in samples from Site 1029. RZ are always more extensively altered than the other adjacent zones and the total amount of alteration, determined by point counting the secondary minerals in thin section, varies from 30% to 50% with maximum values variable between 50% and 60% in some samples from Site 1027. Secondary phases, often showing complex temporal and spatial relationships, occur as vesicles or miarolitic void fillings, pseudomorphic replacement of mafic minerals (mainly olivine), and irregular patches or disseminated aggregates within mesostasis. A statistical study of the mineralogical zonation of the vesicle fillings (Fig. 13A) shows that, despite some exceptions recognized in every site, the most common sequence of mineral formation in RZ is the following: (1) goethite or undifferentiated Fe-oxyhydroxides cryptocrystalline aggregates, (2) hematite lamellae, (3) iddingsite, (4) iddingsite-bearing mixtures, and (5) celadonite or celadonite-bearing mixtures. This temporal and spatial sequence agrees well with that observed within the adjacent veins (Fig. 13B) .
GZ
The greenish red to green zone (1-2 mm thick) is located immediately adjacent to RZ and occurs systematically only in samples from Sites 1026, 1027, 1029, and 1032. The total amount of alteration varies from 30% to 40%, and secondary phases occur as in the reddish brown zone previously described. The most common minerals are celadonite and celadonite-bearing mixtures (both with iddingsite and Mg-rich saponite) associated with an extremely variable amount of iddingsite, Fe-oxyhydroxides, and subordinate amounts of Mg-rich saponite (Type 2; Table 2 ). The sequence of the alteration inferred by the most common mineralogical zonation of the vesicle fillings (Fig.  13A) suggests that celadonite and celadonite-bearing mixtures occur, in most of the cases, after Fe-oxyhydroxides and iddingsite. When present, the last phase to form is the Mg-rich saponite.
TZ
The greenish to light gray zone (1-3 mm thick) represents the transition between the oxidation halos and the nonhalo portion of the rock. It represents the zone with the most complicated spatial and temporal relationships between the different secondary phases, which are represented by celadonite, celadonite-bearing mixtures, Mg-rich saponite, Fe-rich saponite, and minor iddingsite. The alteration intensity is extremely heterogeneous, even at the scale of the single sample, and varies from <10% to about 30%. A temporal and spatial sequence of secondary mineral formation representative of all studied samples is very difficult to identify. Nevertheless the following switched sequences are two of the most common that were observed ( Fig. 13A ): (A) iddingsite→ celadonite → Mg-rich saponite → Fe-rich saponite; and (B) Fe-rich saponite → Mg-rich saponite → celadonite → iddingsite. Sequences (A) and (B) can be repeated more than one time even in the same vesicle. The complex relationships between secondary phases of this zone can be explained as the result of local equilibrium variations of the microenvironment that presumably occurred during the transition from the oxidizing alteration, in a water-dominated system, to the reducing alteration in a rock-dominated system. Because oxidation halos flank only V1 veins and fractures and are typically absent around later V2 carbonate-bearing veins (Fig. 13B) , it seems that they have developed early and always before the reducing alteration marked by the pervasive precipitations of Fe-rich saponites, carbonates, and sulfides in the gray interior (Fig. 13) . The concentric configuration and the sharp boundaries between the different zones within the halos suggest that they developed under the control of diffusion from the solutions that occupied the fractures, which penetrated into the rock roughly perpendicular to the original fractures. Because the alteration products are mainly represented by Feoxyhydroxides and K-bearing clays, it is likely that the alteration phase related to the formation of the halos is triggered by normal or slightly evolved seawater.
Pervasive Alteration Through Diffusion
The gray rocks that are unaffected by oxidation halos show a degree of alteration and a secondary mineralogy extremely variable from site to site. Generally their alteration intensity increases systematically with the distance from the ridge axis (i.e., from younger to older pillow basalts). The only exception is represented by the pillow basalts from Site 1028, which in some cases show a degree of alteration comparable to the oldest site drilled during Leg 168 (i.e., Site 1027).
In this portion of the pillow interior, the dominant mechanism that triggers the alteration processes is pervasive fluid seepage occurring primarily along the grain boundaries of the igneous minerals and primary voids. Alteration is mainly concentrated around phenocrysts, within gas and segregation vesicles, and miarolitic voids.
Fe-rich saponites and carbonates are the main secondary phases characterizing this stage of the alteration, but carbonates are completely absent in pillow basalts from Sites 1023 to 1025, 1029, and 1031. They both occur as pseudomorphic replacement of olivine (Pl. 1; Fig. 4 ) and sometimes of clinopyroxene, as dense patches within mesostasis, and as vesicle and fracture fillings and coatings in all the studied samples. Talc is a subordinate secondary product and has been recognized in Sites 1026 to 1028 and 1032, whereas sulfides are always a minor constituent. As evidenced by the spatial variations in vesicle and vein fillings (Fig. 13) and by the temporal relationships of the crosscutting veins, the carbonates seem to be always the last secondary minerals to form. The formation of talc suggests that a significant increase of Si activity occurred at Sites 1026 to 1028 and 1032 in the latest stages of alteration.
FROM OXIDIZING TO REDUCING ALTERATION
The transition from alteration processes controlled by the presence of fractures to those related to the pervasive fluid seepage within the unfractured rock separates two different styles of alteration that respectively occur under oxidizing and reducing conditions. Although several exceptions exist, the most common mineral paragenesis characterizing the two styles of alteration are quite distinct and are in good agreement with those observed by numerous authors (e.g., Andrews 1977 Andrews , 1980 Alt, Kinoshita, Stokking, et al., 1993; Laverne et al., 1996; Teagle et al., 1996) : (1) assemblages under oxidizing conditions: Fe-oxyhydroxides ± iddingsite ± celadonite ± Mgrich saponite; and (2) assemblages under reducing conditions: Ferich saponites ± carbonates ± sulfides ± talc.
Sensitive markers of the transition from assemblages 1 to 2 are the mineralogical and minerochemical variations involving the clay minerals, the mixed-layer clays, and the clay mixtures. As evidenced in Figure 14 (where the complete set of the analyzed secondary minerals is reported), good indicators of the major chemical variations are the K 2 O, FeO t , and MgO contents of these secondary phases. Following the crystallization order in the polymineralic fillings of the gas vesicles from the different zones discussed in the previous section, it is possible to associate these chemical changes with the spatial and temporal variations occurring during the alteration processes.
As evidenced in Figure 15 (Steps 1-2) the most important variation occurring in the early stages of the oxidizing alteration (i.e., in the reddish brown and greenish halos) is the progressive decrease of Fe-rich minerals associated with the concomitant increase of Kbearing minerals and mixtures (i.e., Fe-oxyhydroxides → iddingsite → iddingsite-celadonite mixtures → celadonite-iddingsite mixtures → celadonite). Oxygen isotope data suggest temperatures up to 40°C for the formation of celadonite and celadonite-bearing mixtures (Kastner and Gieskes, 1976; Seyfred et al., 1978; Andrews, 1980; Böhlke et al., 1984) . Consequently, this assemblage forms at very low temperatures, slight alkaline conditions, high oxidation potentials, and requires substantial supplies of Fe and K from the circulating fluids. All these constraints suggest that seawater is the fluid responsible for this early alteration stage. Nevertheless, although K is indigenous to normal seawater, significant amounts of iron are required to justify the massive precipitation of Fe-oxyhydroxides and iddingsite. Presumably iron is supplied to the circulating fluids in part by the breakdown of olivine and in part during the reaction that occurred in the fracture systems of the adjacent glassy rims. 
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Goethite and hematite The next stage of the alteration (Steps 2-3; Fig. 15 ) is recorded by the appearance of the Mg-rich saponite as the dominant secondary mineral. As discussed by Andrews (1980) the transition from Fe-and K-rich assemblages to Mg-rich saponite reflects a gradual and systematic extraction of oxygen from the circulating fluids during the progressive interaction with the host rock. The progressive change of the fluid chemistry is associated with a gradual closure of the main circulation pathways, which represents the first step of the transition from a fluid-dominated to a rock-dominated system.
The first growth of Fe-rich saponites, often associated with scattered but widespread sulfides, and the contemporaneous disappearance of secondary minerals that require high oxidation potential (such iddingsite and celadonite) mark the transition to the reducing style of alteration (Steps 3-4; Fig. 15 ). The chemical variations from Mg-to Fe-rich saponites that are associated with this transition reflect a new increased availability of ferrous iron in the circulating fluids. This is presumably related to a significant decrease of Eh of the environment (at least in the region of sulfide stability), which allows iron to be removed from the host rock and mobilized in the fluid.
Nevertheless the complete data set of clay analyses from the present study and from other members of the ODP Leg 168 Scientific Party (Hunter et al., 1999; Porter et al., Chap. 12, this volume) seem to indicate that the variation of Fe and Mg content in saponite could also be related to the bulk rock chemistry of the basalts. In fact all saponites (both Mg rich and Fe rich) from Site 1025 and subordinately from Site 1029 (i.e., those present in fractionated ferrobasalt) always show the lower Mg/Fe t ratio when compared to the other occurrences (Fig. 7) .
The last stage of the alteration begins with the first appearance of carbonates (Step 4-5; Fig. 15 . The source of bicarbonate necessary to achieve carbonate saturation in the fluid is not completely clear. One possible source is dissolution within the base of turbiditic sediments onlapping the pillow basalts. If this is so, then carbonates and some other phases related to the reducing stages of alteration occurred when the eastern flank of the JdFR became buried, and open circulation of seawater within the basement became restricted or absent. Hunter et al. (1999) suggested temperatures of formation for the carbonates varying from about 35° to 70°C. As for the oxidizing stages of the alteration, these temperatures are in good agreement with those estimated at the present-day basement/sediment interface (Davis, Fisher, Firth, et al., 1997) .
SUMMARY AND CONCLUSIONS
Although samples from Leg 168 represent an incomplete record (partly because of the very low recovery rates at some sites; Davis, Fisher, Firth, et al., 1997) , many indexes suggest that the alteration intensity of pillow basalts from Leg 168 systematically increases with the distance from the present-day ridge. This indicates that the aging of the igneous crust (i.e., the time available for secondary mineral growth) and the measured increase of temperatures at the sediment/basement interface, from the younger HT to the older RB Sites (from 15° to 64°C; Davis, Fisher, Firth, et al., 1997) , play a very important role in the overall alteration processes. The observation of increased alteration with crustal age has also been reported for a 1.6-Ma transect through pillow basalts of the Blanco Fracture Zone located at a different latitude on the eastern flank of the JdFR (Juteau et al., 1995) . Other important factors controlling the alteration intensity are the degree of fracturing of the pillow units and subordinately the local and regional variations in lithology and primary porosity (e.g., vesicularity, degree of crystallinity). Particularly, in both younger and older pillow units, the style of the alteration processes is mainly controlled by the presence of concentric and radial fractures, which crosscut all pillows from the outer glassy zone to the holocrystalline interior. Fractures are the most important pathways that allow significant penetration of fluids into the rock, controlling the alteration of the glassy rim and the early oxidizing stage of pillow alteration. In fact, most of the glassy margins of the pillow basalts recovered during ODP Leg 168 are unaltered or weakly altered except along and around concentric and radial cracks or veins.
The alteration of glass occurs in several different steps: (1) penetration of the fluids in the glass along the newly formed cracks allows the formation of a first generation of palagonite; (2) palagonite then evolves from amorphous brown patches to brownish yellow incipiently crystalline (sometimes fibrous) symmetric areas; and (3) palagonite is progressively replaced by dioctahedral clays (celadonite), Fe-oxyhydroxides, and trioctahedral smectites. More evolved glass alteration occurs in the oldest Sites 1026 and 1027, where a new veining stage is superimposed on the primary veins through repeated opening and crack filling processes along the median line of the original crack. Also in these cases the infilling secondary minerals are commonly symmetrically arranged and occur in the following sequence: (1) fibrous trioctahedral smectites, (2) fibrous radiating zeolites, and (3) fibrous to blocky anhedral carbonates. Most of the elements involved in the glass breakdown are used in, or immediately around, the vein to form secondary authigenic minerals. The strong enrichment in K 2 O from the circulating seawater allows the growth of dioctahedral clays (celadonite type) in the first step of alteration, whereas smectites, zeolites, and carbonates act as a sink for a significant portion of the removed Mg, Ca, Na, Al, and Si. Part of the leached iron is immediately used to form thin layers of Fe-oxyhydroxides often associated with K-and Fe-bearing clay, whereas the remaining Fe and most of the Mn are removed from the glassy zone by the circulating fluids.
The hypocrystalline and holocrystalline portion of pillow basalts are characterized by two different styles of alteration that occur under oxidizing or reducing conditions. These alteration styles agree well with many studies performed on the alteration of other young pillow basalt sequences (Andrews, 1980; Böhlke et al., 1980 Böhlke et al., , 1981 Alt, Kinoshita, Stokking, et al., 1993; Laverne et al., 1996) . The most common mineral paragenesis characterizing the two style of alteration are well defined: (1) assemblages under oxidizing conditions: Feoxyhydroxides ± iddingsite ± celadonite ± Mg-rich saponite; and (2) assemblages under reducing conditions: Fe-rich saponite ± carbonates ± sulfides ± talc.
All the observed mineralogical and chemical variations occurring during the early stage of the alteration are interpreted as the result of rock interaction with "normal," alkaline, and oxidizing seawater along preferential pathways represented by the concentric and radial crack systems. The chemical composition of the fluid progressively evolved while moving into the basalt leading to a reducing alteration stage, which is responsible for the precipitation of Fe-rich saponite and minor sulfides. The widespread aragonite/calcite formation represents the last stage of alteration that occurs as a consequence of the progressive saturation of the fluid with respect to carbonates. This stage probably occurred when the eastern flank of JdFR was completely buried by turbiditic sediments that hydrologically sealed the igneous crust and inhibited open seawater circulation within the igneous basement.
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Plate 1. 1. SEM photomicrograph of vesicle filling within the oxidation halo (enlarged area on the right side). Within vesicle, light gray = iddingsite and dark gray = celadonite; white bar = 50 µm. Sample 168-1026C-17R-1, 13-17 cm (Piece 4). 2. SEM photomicrograph of vesicles filling within the oxidation halo (enlarged area on the right side). Within vesicles, light gray = iddingsite and dark gray = celadonite; white bar = 50 µm. Sample 168-1026C-17R-1, 13-17 cm (Piece 4). 3. Photomicrograph of simple vein in glassy margin of Sample 168-1027C-1R-6, 67-70 cm (Piece 2). The layering within the vein is described in the text and sketched in Figure 9A (vein width = 0.5 mm; plane-polarized light). 4. SEM photomicrograph of pseudomorphic replacement of carbonate (light gray) and Fe-rich saponite (dark gray) after olivine. Saponite fills olivine fractures and is also associated with carbonate in the outer rim of the carbonate clasts. White bar = 100 µm. Sample 168-1027C-5R-5, 22-27 cm (Piece 2).
